Objective: The aim of this study was to investigate the effects of plumbagin (PL), a naphthoquinone derived from the medicinal plant plumbago zeylanica, on the invasion and migration of human breast cancer cells. Methods: Human breast cancer MDA-MB-231SArfp cells were treated with different concentrations of plumbagin for 24 h. The effects of plumbagin on the migration and invasion were observed by a transwell method. The expressions of IL-1α, IL-1β, IL-6, IL-8, TGF-β, TNFα, MMP-2 and MMP-9 mRNA in MDA-MB-231SArfp cells were detected using Real-Time PCR. MDA-MB-231SArfp cells were treated with plumbagin at different concentrations for 45 minutes. The activation of STAT3 was detected by western blot. Following this analysis, STAT3 in MDA-MB-231SArfp cells was knocked out using specific siRNA. mRNA levels of IL-1α, TGF-β, MMP-2 and MMP-9 were then detected. Consequently, MDA-MB-231SArfp cells were injected intracardially into BALB/c nude mice to construct a breast cancer bone metastatic model. The mice were injected intraperitoneally with plumbagin. Non-invasive in vivo monitoring, X-ray imaging and histological staining were performed to investigate the effects of plumbagin on the invasion and migration of breast cancer cells in vivo. Results: The in vitro results showed that plumbagin could suppress the migration and invasion of breast cancer cells and down-regulate mRNA expressions of IL-1α, TGF-β, MMP-2 and MMP-9. Western blotting demonstrated that plumbagin inhibited the activation of STAT3 signaling in MDA-MB-231SArfp cells. The inactivation of STAT3 was found to have an inhibitory effect on the expressions of IL-1α, TGF-β, MMP-2 and MMP-9. In vivo studies showed that plumbagin inhibited the metastasis of breast cancer cells and decreased osteolytic bone metastases, as well as the secretion of MMP-2 and MMP-9 by tumor cells at metastatic lesions. Conclusions: Plumbagin can suppress the invasion and migration of breast cancer cells via the inhibition of STAT3 signaling and by downregulation of IL-1α, TGF-β, MMP-2 and MMP-9.
Introduction
Breast cancer is the most common cancer in women, *Correspondence: Ting-ting Tang E-mail: tingtingtang@hotmail.com Received 09 September 2013; Accepted 17 October 2013 and bone tissues are the most frequent sites for metastases. Up to 70% of patients with metastatic breast cancer develop bone metastases that induce increased osteoclast activity, resulting in local bone destruction and skeletal complications, including pain, hypercalcemia, and nerve compression (1-3). The development and outgrowth of these secondary lesions rely upon the intricate cellular and molecular interactions between mammary tumor cells in the bone microenvironment. Tumor cells secrete signaling proteins, such as parathyroid hormone-related peptide (PTHrP) (4), to promote the secretion of RANKL, the receptor activator of nuclear factor-κB ligand, in osteoblast cells that activates bone osteolysis induced by osteoclasts. The concomitant bone destruction releases various growth factors, including transforming growth factor-β (TGF-β) and insulin-like growth factor-1 (IGF-1), to further bind the receptors on the surface of tumor cells and enhance cell proliferation and PTHrP production through activation of the Smad/ MAPK signaling transduction pathways, thus establishing a vicious cycle of bone metastases (5). The most widely used treatments in skeletal complications of varied neoplastic diseases are bisphosphonates (BPs) that block osteoclast activity; this application has been effective in decreasing formation of bone lesions, although this strategy fails to induce the bone regeneration (6). Furthermore, a growing number of case reports have demonstrated that long-term BP therapy might lead to osteonecrosis of the jaw (ONJ) (7-10). Therefore, the search for treatment options that can effectively inhibit tumor growth and reduce bone destruction caused by tumor metastases with mitigated side effects is of pivotal significance.
Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), derived from the roots of the medical plant plumbago zeylanica, is one of the most investigated compounds. Recent studies have reported the antibacterial effects (11), anti-inflammatory effects (12), and anticancer activities of plumbagin both in vitro (13) and in vivo (14) (15) . Previous studies have shown that plumbagin can inhibit tumor cell proliferation in vitro by inducing apoptosis and autophagy of breast neoplasm cells (13) and the invasion of prostate cancer cells (14) . Recent studies have also demonstrated that plumbagin can inhibits osteoclastogenesis and reduces human breast cancerinduced osteolytic bone metastasis (16) (17) (18) , however, more in vivo evidence need to be supplemented and the relevant mechanisms still remain to be investigated. Therefore, the aim of this study is to investigate whether there are any suppressive effects of plumbagin on the invasion and migration of human breast cancer MDA-MB-231SArfp cells and to explore potential functional mechanisms. We thus established an animal model of breast cancer bone metastases via injection of breast cancer cells intracardially. A non-invasive small animal monitoring system in addition to X-ray imaging and histological analysis were employed to monitor the curative effects of plumbagin on breast cancer bone metastases in real time.
Materials and Methods

Main reagents
Plumbagin and dimethyl sulfoxides (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). For cell culture experiments, plumbagin was dissolved in DMSO at a concentration of 200 mmol·L -1 and stored in a dark bottle at -20 ℃. This stock solution was diluted further in cell culture medium immediately before use. For the animal experiments, plumbagin was dissolved in 5% PEG 400 at the required concentrations.
Cell line and cell culture
The human breast cancer cell line MDA-MB-231SArfp was labeled with red fluorescent protein (RFP), which was separated from breast cancer bone metastatic sites and exhibited propensities of bone metastases and was kindly provided by Prof. Jiake Xu (University of Western Australia, Australia) (19) . The cell lines were generally inoculated in Dulbecco's Modified Eagle's medium (DMEM, HyClone, USA) supplemented with 10% fetal bovine serum (FBS) and 0.75 mg·mL -1 G-418 for selection of cells that showed stable RFP expression (20) . Cells were passaged at 37 ℃ in a humidified atmosphere with 5% CO2.
Animals
Female BALB/c nude mice (n=20) were obtained from the Shanghai Slac Laboratory Animal Company [Certificate No. SCXK (Shanghai) 2007-0005] at age 4-5 weeks and weighed approximately 20 g. All of the animals were maintained under SPF conditions at 22.0 ℃±1 ℃ room temperature with a 12 h light/dark cycle and 40-60% humidity. All animals were unconstrained regarding drinking and eating.
Equipments
The small animal non-invasive imaging system was implemented with an IVIS spectrum (Xenogen, Hopkinton, MA, USA). A digital X-ray camera was supplied by Faxitron (MX-50 desktop X-ray radiograph).
Transwell migration and invasion experiments
A transwell method was used as previously reported (21) . Briefly, 24-well transwell plates (8 μm diameter, Corning, NY) were applied to measure migration. The basement membrane of the upper chamber was covered with Matrigel (BD Biosciences) at 0.3 μg·μL -1 per well in invasion experiment. Breast cancer cells (5×10 4 per well) were treated with varied doses of plumbagin (noted as PL below) and suspended in serum-free DMEM added to the upper chamber. DMEM containing 10% FBS was added into the lower chamber as a chemoattractant and incubated at 37 ℃ for 24 hours. Cells that had failed to migrate were removed from the upper chamber with swabs; the remaining cells on the bottom side of the basement membrane were fixed with 4% paraformaldehyde for 10 minutes and stained with 1% crystal violet (dissolved in 2% ethanol) for 10 minutes. A random selection of 3-5 fields were photographed and counted under the microscope. All of the experiments were repeated at least 3 times.
Real-time PCR analysis
Twenty-four hours after treatment with different doses of PL on MDA-MB-231SArfp cells, RNA was extracted via a Trizol method to evaluate sample concentration and purity. A reverse transcription kit (iScript cDNA Synthesis Kit, Bio-Rad) was used to obtain cDNA from the extracted RNA by the reverse transcription method. The mRNA expression levels of relevant factors were assessed using Real-Time PCR (Reagent Kit: SYBR®Premix Ex Taq™, Tli RNase H Plus, Takara) according to the manufacturer's instructions. Primers required for the experiment are shown in Table 1 .
Western blot
Whole cell extracts were prepared by lysing the cells in RIPA buffer (150 mmol·L -1 NaCl, 1% sodium deoxycholate, 0.1% SDS, 50 mmol·L -1 Tris-HCl pH 7.4, 1 mmol·L -1 EDTA, 1 mmol·L -1 PMSF, and 1% Triton X-100), containing a cocktail of protease inhibitors and phosphatase inhibitors. Protein concentrations were determined using the BCA protein assay (Thermo Scientific, IL, USA). A total of 
Construction of the breast cancer bone metastatic model and fluorescence detection
The exponentially growing cell line MDA-MB-231SArfp
was digested with 2% trypsin. Cell suspension was produced by terminating digestion with DMEM culture medium, followed by re-suspending in PBS solution at 1 000 r·min-1 for 4 min. Trypan Blue staining showed cell viability to be greater than 98%. With PBS medium, cell concentration was adjusted to 5×10 6 per mL. A suspension of 0.1 mL per nude mice was injected into the left ventricle of 20 female BALB/c mice and randomly assigned into two groups (n=10 each group) with intraperitoneal administration of 100 μL 5% PEG or 4 mg·kg -1 PL 5 times a week for 7 weeks. Non-invasive fluorescence detection was measured once per week and recorded.
X-ray imaging and HE staining X-ray imaging was used in tumor-loaded nude mice 7 weeks after injection of tumor cells. Metastatic tumors were removed and fixed with 4% paraformaldehyde for 24 h, followed by a rinse of running water overnight. Tissue sections, which were decalcified in 10% EDTA at 4 ℃ for three weeks and embedded in paraffin, were made and observed by HE staining.
Immunohistochemistry staining
Tissue sections were dewaxed and rehydrated, followed by an antigen retrieval process. Primary antibodies of MMP-2 and MMP-9 were added at 4 ℃ overnight and inoculated with secondary antibodies after rinsing at room temperature for 1 hour. After DAB staining and microscopic observation, reactions were terminated followed by hematoxylin re-dyeing. Dehydration and xylene transparency were completed after differentiation by hydrochloride alcohol. The sections were sealed prior to microscopic observation. A selection of 3-5 random fields was photographed and counted by microscopy.
Statistical analysis
All data were processed via SPSS 13.0 software. Quantita-tive materials were presented as x±s. Statistical correlation was evaluated by SPEARMAN level with α=0.05 as the bilateral significance level. A P-value of less than 0.05 was considered to be statistically significant.
Results
PL attenuates migration and invasion of breast cancer cells
Inhibition of PL by 2.5-10 μmol·L -1 on MDA-MB-231SArfp cells was observed via a transwell method and showed a significant dose-related suppression of in vitro migration ability in MDA-MB-231SArfp cells ( Figure 1A and 1C ). Breast cancer cells harvested after pre-treatment of PL for 24 h were inoculated into a transwell chamber and covered with Matrigel gel for 24 h. These results indicate that PL by 2.5-10 μmol·L -1 is capable of markedly inhibiting invasion ability of MDA-MB-231SArfp cells. Moreover, tumor cells could hardly penetrate matrigel gel to achieve the basement of chamber at a concentration more than 5 μmol·L -1 ( Figure 1B and 1D) .
Effect of PL on mRNA expression levels of IL-1α, IL-1β, IL-6, IL-8, TGF-β, TNFα, MMP-2 and MMP-9 of breast cancer cells RNA was extracted and then processed using a Real-Time PCR reaction after treatment with PL at 5 μmol·L -1 and 10 μmol·L -1 on MDA-MB-231SArfp for 24 h. The results indicate that, in comparison with the vehicle group (PL-0 μmol·L -1 ), mRNA expressions of cytokine IL-1α and TGF-β, which are secreted from breast cancer cells, decreased significantly. mRNA expressions of MMP-2 and MMP-9 from the matrix metalloproteinase family (when treated with PL-10 μmol·L -1 ) were also greatly downregulated; however, mRNA expression of IL-6 dropped but exhibited no statistical significance. The remaining statistically significant factors were not observed in this research ( Figure 2) . mRNA expression of IL-6, however, showed a decrease without statistical significance.
PL inhibits the activation of STAT3 in breast cancer cells
To explore the mechanism whereby PL inhibited mRNA expression levels, MDA-MB-231SArfp cells were exposed to different concentrations of PL for 45 minutes. Western blotting revealed that STAT3 activation was significantly inhibited after 30 minutes ( Figure 3A) . Furthermore, we observed that PL inhibited activation of STAT3 in a dosedependent manner ( Figure 3B ). Subsequently, STAT3 in MDA-MB-231SArfp cells was knocked out by specific siRNA. Real-Time PCR results also demonstrated that the expression levels of IL-1α, TGF-β, MMP-2 and MMP-9 were decreased ( Figure 3C ).
PL attenuates metastases of breast cancer in nude mice
Breast cancer cells were administered intracardially into nude mice followed by a gain in fluorescence signaling in the third week, thus demonstrating the existence of metastases. Few nude mice in PL treatment groups displayed weak fluorescence signals during the fourth week. The appearance of metastases and the intensity of fluorescence signal of systematic metastatic sites in the vehicle group, which was greater in number and intensity of metastatic sites of the PL treatment group, were observed in systematic skeletons and organs between the fourth and seventh weeks ( Figure 4A and 4B).
PL ameliorated osteolytic lesions caused by breast cancer bone metastases
X-ray imaging for euthanatized nude mice after 7 weeks demonstrated an increasing number of osteolytic lesions in the vehicle group, compared with a lower number and smaller area of bone lesions in the PL treatment group ( Figure 5A ). Knee joints of nude mice were selected for tissue sections, and HE staining showed obvious bone lesions in the vehicle group with a near complete disappearance of joint formation, as well as few remaining sections of articular cartilage in the tibia. In contrast, intact articular structures and a smaller degree of destruction of bone tissues were observed in the PL treatment group, with smaller lumps of tumor tissue merely visible in the canal ( Figure 5B ).
The suppressive effects of PL on secretions of MMP-2 and MMP-9 of breast cancer cells
Tumor tissue was removed from euthanatized animals for fixation, paraffin embedding, tissue section and immunohistochemistry staining for MMP-2 and MMP-9.
The results showed a lower number of MMP-2 stainingpositive breast cancer cells in the PL treatment group than the vehicle (as was shown in Figure 6A and 6B) . Furthermore, tumor cells without treatment expressed high levels of MMP-9, which accounted for approximately 50% of all neoplasm in the cells. By contrast, MMP-9 staining-positive breast cancer cells in the PL treatment group decreased markedly ( Figure 6A and 6C) . 
Discussion
Breast cancer bone metastases and resulting complications bring tremendous difficulties to clinical treatment, thus significantly impacting patients' quality of life and survival rates (22) . In this study, we found that plumbagin could suppress migration and invasion of mammary neoplasm cells in vitro and reduce mRNA expressions of factors associated with migration and invasion of tumor cells. Plumbagin can inhibit distant dispersal of breast cancer cells administered intracardially in vivo, especially bone metastases and osteolytic lesions. Additionally, MMP-2 and MMP-9 secretion by tumor cells in metastatic sites is shown to be inhibited, and as a result the invasion ability of breast cancer cells is reduced.
In vitro, mRNA expression of IL-1α, TGF-β, MMP-2 and MMP-9 by MDA-MB-231SArfp cells can be suppressed by plumbagin. Previous studies have shown that the binding between IL-1 and IL-1R is considered to activate p38 MAPK and NF-κB signal transduction pathways, stimulating expression of VEGF and VEGF-2 and thus facilitating the growth of tumor cells (23) . Moreover, recent studies have demonstrated that Leptin is capable of inducing proliferation and migration of breast carcinoma cells, and IL-1 plays a pivotal role in the signaling network (23) comprised of Leptin, IL-1 and Notch. Therefore, mammary neoplasm disease progression can likely be attenuated through decreased expression of IL-1. In breast cancer bone metastatic cycles, TGF-β significantly enhances tumor development to release more PTHrP and thereby aggravates bone destruction (24) . Recent studies have shown that curcuminoids can block TGF-β signaling pathways to inhibit mammary cancer bone metastases in nude mice (25) , which is similar to the mechanisms of plumbagin investigated in our study. MDA-MB-231SArfp cells treated with plumbagin for 24 h, mRNA expression levels of MMP-2 and MMP-9 in the matrix metalloproteinases family was decreased. Positive expression of MMP-2 and MMP-9 in tumor cells plays a vital role in their migration and invasion in vivo (26) . MMP-9 is especially noted for decomposing the collagenous component of the ECM and devastating basic construction of collagen networks, thereby facilitating local invasion and distant migration (27) .
STAT3 has been reportedly linked to tumor development and metastasis through induction of various genes responsible for cell proliferation, survival and carcinogenesis (28) (29) (30) . In our experiment, we found that the activation of STAT3 was significantly inhibited when MDA-MB-231SArfp cells were exposed to different concentrations of PL after 30 minutes. Furthermore, we observed that the expressions IL-1α, TGF-β, MMP-2 and MMP-9 were also decreased in MDA-MB-231SArfp cells while STAT3 was knocked out by specific siRNA. Thus, PL has potential anticancer activity against breast cancer, which is likely due in part to inhibition of the STAT3 signaling pathway. Although we did not investigate the mechanisms of plumbagin-induced apoptosis in this study, previous results have reported the suppressive effects of plumbagin on DNA binding viability of NF-κB and Bcl-2, as well as induced apoptotic abilities against mammary cancer cells (31). Plumbagin is able to trigger a G2-M arrest and autophagy by inhibiting the AKT pathway in breast cancer cells (13) .
In conclusion, plumbagin is effective at attenuating the invasion and migration of breast cancer cells, decreasing distant tumor dispersal and reducing osteolytic lesions caused by bone metastases. As previous studies have also shown, future therapeutic applications of plumbagin are promising for the treatment of breast cancer bone metastases. 
